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Abstract 
Thermoelectric materials are regarded as renewable and clean energy resources owing to the 
performance of converting heat to electricity directly. Serving as the possibility solving 
increasingly severe energy crisis, thermoelectric materials evaluate the conversion efficiency 
with a dimensionless parameter, figure of merit (ZT). Among traditional thermoelectric 
materials, tin selenide (SnSe) possesses outstanding transfer efficacy in middle temperature 
range. The high performance is ascribed to the anisotropic crystal structure of it. 
In this thesis, a facile solvothermal synthesis method is performed to fabricate SnSe samples, 
with Na2SeO3, SnCl2∙2H2O, EG, and NaOH as precursors. It is found that by shifting the volume 
of NaOH, macroscopic appearances of the products are altered significantly. Continuous 
experiments are hence executed to analyse the micro structures and thermoelectric properties 
of different samples. Secondary SnSe2 phase is formed when small amount of NaOH is added 
owing to low concentration of hydroxide ions, significantly deteriorating the electronic 
performance of SnSe. While larger SnSe microplates with lower anisotropy are grown at high 
quantity level of NaOH, which increases the thermal conductivity. By measuring and 
calculating the thermoelectric properties, a maximum ZT of 0.70 ± 0.11 is attained at 773 K, 
just beneath the phase transition point of SnSe, when 3 mL NaOH is applied. The thesis focuses 
much on the synthesis details and provides a new strategy for improving thermoelectric 
performance of SnSe using solvothermal method. 
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1. Introduction 
Owing to the increasingly high demands of energy resources nowadays, more and more fossil 
fuels are exploited and consumed. These fossil fuels in tradition, including natural gas, coal, 
and petroleum, however, are considered as unrenewable energy resources due to the long 
formative periods. Nevertheless, the efficiency of combusting the fuels are far from satisfying. 
Reports have shown that the efficiency of heat engines combusting fossil fuels is only 30-40 
%, large quantities of waste heat is released to the environment [1]. Moreover, burning of fossil 
fuels triggers increasingly severe environmental issues. The main product carbon dioxide is one 
of the main causes for greenhouse effect. Some other gases released during combustion, such 
as sulphur dioxide and oxynitrides, contribute much to acid rain. In consequence, green and 
renewable energy resources are studied and developed to substitute for traditional fossil fuels. 
Studied from 20th century, thermoelectric material is considered as an effective choice for 
solving energy crisis by converting heat to electricity and vice versa. Among typical 
thermoelectric materials, tin selenide (SnSe) remains a hot topic due to the high heat-electricity 
convert efficiency. In this research, a solvothermal synthesis method is successfully followed 
to synthesize SnSe microplates. By changing the amount of sodium hydroxide (NaOH) induced, 
the products show various appearances. Characterization and performance measurement are 
executed to study how quantity of NaOH influence the properties of synthesized SnSe. 
The thesis is made up of six chapters. 
Chapter 1 introduces the background of thermoelectric material and lists the brief introductions 
of each chapter. 
Chapter 2 summarizes the literature work, including the general thermoelectric basics, both 
electronic structure and crystal structure of SnSe, and corresponding thermoelectric 
performances of SnSe. 
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Chapter 3 demonstrates the goals of the study. 
Chapter 4 illustrates the solvothermal synthesis method in detail. The methodologies of 
characterizing, sintering, and performance testing are also discussed. 
Chapter 5 lays out the outcomes of the experiment. Characterizations (XRD patterns and SEM 
images) of five groups of SnSe products are compared and discussed, followed by the analysis 
of relative thermoelectric properties. 
Chapter 6 is the conclusion of whole thesis and discusses what remains to be further 
investigated for publishment. 
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2. Literature Review 
In this chapter, literature researches on thermoelectric materials are reviewed. To start with, 
basic thermoelectric concepts, including effects, figure of merit, electric properties, thermal 
properties, and conversion efficiency, are introduced. After that, tin selenide is put forward for 
its high ZT value. Crystal and electronic structures of tin selenide are then studied to account 
for its outstanding thermoelectric performance. Finally, both theoretical calculations and 
experimental results of thermoelectric properties of SnSe are discussed. 
2.1 Thermoelectric fundamentals 
2.1.1 Basic effects 
The first discovered thermoelectric effect is Seebeck effect, which is named after Thomas 
Seebeck. He observed in 1821 that electric potential was created when there was a temperature 
difference between two different metal wires. In 1834, J. Peltier found that temperature 
derivation could be created at the joint of two metal wires with a potential difference. Peltier 
effect is regarded as reverse effect of Seebeck effect. Schematic demonstrations of Peltier effect 
and Seebeck effect are shown in Fig. 1. Thomson effect combines the two effects together by 
describing the heat transfer of a current-loading material with temperature gradient. 
 
Figure 1. Thermoelectric basic effects: (a) Seebeck effect, and (b) Peltier effect [2]. 
(a) (b) 
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2.1.2 Important parameters of thermoelectric materials 
Heat-electricity transmission efficiency of thermoelectric material is affected by absolute 
temperature T, thermal conductivity κ, and power factor (PF) S2σ, in which σ is the electrical 
conductivity, and S is the Seebeck coefficient. In combination of the parameters, the concept of 
figure of merit is put forward to evaluate thermoelectric performance in 1949, which is defined 
as follows: 
𝑍𝑇 =  
𝑆2𝜎
𝜅
𝑇         (1) 
The power generation efficiency ε and refrigeration efficiency η are listed as follows: 
𝜀 =  
𝑇𝐻−𝑇𝐶
𝑇𝐻
[
(1+𝑍𝑇)1/2−1
(1+𝑍𝑇)1/2+(𝑇𝐶/𝑇𝐻)
]       (2) 
𝜂 =  
𝑇𝐶
𝑇𝐻−𝑇𝐶
[
(1+𝑍𝑇)1/2−(𝑇𝐻/𝑇𝐶)
(1+𝑍𝑇)1/2+1
]                 (3) 
Where TC and TH are temperature of cold side and hot side, respectively. As can be seen from 
equation (1), materials with lower thermal conductivity and larger power factor possess higher 
thermoelectric performance. However, a high ZT value is difficult to achieve since the 
concerning parameters are interactive. Both electrical conductivity and Seebeck coefficient are 
governed by carrier concentration n. The relationships are shown as follows: 
𝑆 =  
8𝜋2𝑘𝐵
2
3𝑒ℎ2
𝑚∗𝑇(
𝜋
3𝑛
)
2
3                             (4) 
𝜎 = 𝑛𝑒𝜇                                                  (5) 
Where m* is the effective mass of charge carrier, h is the Plank constant, e is the elemental 
charge, kB is the Boltzmann constant, and μ is the carrier mobility. As can be seen from 
equations (4) and (5), there is conflict between electrical conductivity and Seebeck coefficient 
on carrier concentration. High n enlarges electrical conductivity, while decreases Seebeck 
coefficient. Another contraction is provided by carrier mobility μ and effective mass m*. From 
equation (4), Seebeck coefficient is optimized by a large effective mass. However, since inertial 
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effective mass is proportional to m*, heavy carriers move with slow velocities and hence 
possess low mobility, which decreases electrical conductivity. Despite of the conflict between 
carrier mobility and effective mass, it is hard to decide on which occasion is ZT mostly 
optimized [3]. Both thermoelectric materials with high m* and low μ, such as FexCr3-xSe4 [4], 
and materials with low m* and high μ, e. g. SiGe, AlAs and GaAs [5-9], possess good 
thermoelectric performance. 
As for thermal conductivity, it consists of electronic thermal conductivity (κe) and lattice 
thermal conductivity (κl). Thermal conductivities can be calculated by: 
   𝜅𝑒 = 𝐿𝜎𝑇 = 𝑛𝑒𝜇𝐿𝑇                     (6) 
   𝜅𝑙 = 
1
3
𝐶𝑣𝑣𝑠𝜆𝑝ℎ                               (7) 
Where L is the Lorenz factor and equals to 2.4 × 10-8 J2 K-2 C-2 for free electrons, λph is the mean 
free path of phonon, Cv is the heat capacity, and vs is velocity of sound. The value relationship 
between κl and κe is shown in Fig. 2. Lattice thermal conductivity remains unchanged when 
carrier concentration derives, while κe grows obviously with carrier concentration increasing. 
For most thermoelectric materials which belong to semiconductors, as can be seen, κl dominates 
among total thermal conductivity. 
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Figure 2. Total thermal conductivity of different materials [10]. 
To sum up, thermoelectric parameters concerning with carrier concentration modelled from 
bismuth telluride are shown in Fig. 3 [11]. In terms of carrier concentration, peak PF is obtained 
in the range from 1019 to 1021 carriers per cm3, which is exactly between semiconductors and 
common metals, indicating that doping is an effective approach enhancing the thermoelectric 
properties of semiconductors [3]. However, thermal conductivity also increases rapidly since 
electronic thermal conductivity is proportional to carrier concentration. As a consequence, ZT 
maximizes at a lower n than PF. For different thermoelectric materials, the optimum carrier 
concentration varies.  
 
Figure 3. Relationship between thermoelectric parameters and carrier concentration of a 
Bi2Te3 model [3]. σ and κ increase with carrier concentration growing, while S decreases. ZT 
value maximizes at lower n than PF. 
Many materials have been studied and proved to possess high ZT value, indicating their high 
thermoelectric performance. For example, Bi2Te3 [12-14], PbTe [15-18], GaAs [7-9, 19], and 
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SiGe [5, 6, 20-22], etc. Thermoelectric performances of some metals and oxides are also studied 
[23-26]. First reported in 2014, tin selenide (SnSe) has become hot topic in thermoelectric areas 
in recent years owing to its high PF and ultra-low κ [27]. In next section, properties and 
structures of SnSe are analyzed to account for its outstanding thermoelectric performance.  
2.2 SnSe 
Orthorhombic IV-VI compounds, including SnS, GeSe, GeS, and SnSe, are well known for the 
outstanding thermoelectric performance [27-40]. Within them, tin selenide was only considered 
as photovoltaic material. However, in 2014, a maximum ZT value of ~2.6 is reported along the 
b-axis of single crystal SnSe at 923 K owing to the ultra-low κ, which derives from strong 
anharmonicity of the crystal structure [27]. In this chapter, properties and structures of SnSe 
will be studied to help comprehend its prominent thermoelectric performance. 
2.2.1 Crystal structure 
The molar mass of SnSe is 197.67 g/mol, which is the highest among orthorhombic IV-VI 
compounds. It also possesses the highest density among these compounds, which is 6.18 g/cm3 
at room temperature. The melting temperature of SnSe is 1173 K. The Sn-Se phase diagram is 
presented in Fig. 4. Table 1 lists crystal structure data of Sn-Se system. 
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Figure 4. Sn-Se phase diagram [41, 42]. 
Table 1. Crystal structural data of Sn-Se system [41, 43-45]. 
Phase Atom % 
of Sn 
Pearson 
symbol 
Space 
group 
Strunkturbericht 
designation 
Lattice 
parameters 
(nm) 
Prototype 
β-Sn 100 tI4 I41/amd A5 a = 0.583 
b = 0.583 
c = 0.318 
β-Sn 
α-Sn 100 cF8 Fd3m A4 a = 0.649 
b = 0.649 
c = 0.649 
C 
(diamond) 
β-SnSe 50 oC8 Cmcm Bf a = 0.431 
b = 1.171 
c = 0.432 
CrB 
α-SnSe 50 oP8 Pnma B16 a = 1.137 
b = 0.419 
c = 0.444 
GeS 
SnSe2 33.3 hP3 P͞3m1 C6 a = 0.381 CdI2 
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b = 0.381 
c = 0.614 
Se 0 hP3 P3121 A8 a = 0.378 
b = 0.378 
c = 0.511 
γ-Se 
As can be seen, there are two different phases of SnSe compound, α-SnSe and β-SnSe. The 
phase transition occurs at approximately 800 K. Below 800 K, α-SnSe shows typical 
orthorhombic Pnma crystal structure. Presented in Fig. 5 (a), a unit cell consists of 4 Se atoms 
and 4 Sn atoms, forming bi-layer lattice structure along x axis. The Sn coordination polyhedron 
shown in Fig. 5 (b) and the corresponding first Brillouin zone shown in Fig. 5 (c) also indicate 
the existence of 8 atoms in a unit cell [46, 31]. The side views of x-y plane and y-z plane are 
shown in Fig. 5 (d) and (e), respectively [47]. Above 800 K, β-SnSe transits to another 
orthorhombic lattice structure (Cmcm group). The crystal structure of β-SnSe and 
corresponding Sn coordination polyhedron are presented in Fig. 6 [46]. Similarly, 8 atoms are 
contained in a unit cell. 
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Figure 5. Crystal structure of Pnma SnSe. (a) Double layer structure observed from x-z plane, 
with unit cell indexed in the box [46]. (b) Polyhedron composed of one Sn atom and 7 
adjacent Se atoms [46]. (c) Corresponding first Brillouin zone and red points with high 
symmetry [31]. (d) Crystal structure in the respective of z axis [47]. (e) Crystal structure 
viewed from x axis [47]. 
(a) (b) 
(c) 
(d) 
(e) 
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Figure 6. Crystal structure of Cmcm SnSe [46]. (a) Bi-layer structure as well as unit cell 
composed of 8 atoms can also be seen from y axis. (b) Corresponding coordination 
polyhedron of Sn atom. 
From Fig. 5 (a) and Fig. 6 (a), bi-layer structure along x axis can be found in both phases of 
SnSe. The weak van der Waals force connecting the double layers, which is different from 
normal chemical bonding, contributes much to the anisotropy and anharmonicity of SnSe 
structure [31, 46, 48, 49]. As a consequence, both first-principle calculations and inelastic 
neutron scattering (INS) measurements indicate the anisotropy of phonon dispersion and 
softening [31, 46]. The computation results of SnSe phonon dispersion is shown in Fig. 7. The 
markedly dispersive optical branches characterization of the phonon dispersion indicates that 
branch along Γ-X direction is flatten than Γ-Y and Γ-Z directions, with optical phonons owning 
slower group velocities [31, 46]. The anisotropy mainly derives from weak molecular force 
along x axis in crystal structure. Calculation results indicate that the anisotropic group velocities 
would lead to strong anisotropy of lattice thermal conductivity. The consequence is in the 
subsequence of κlb > κlc > κla, which fits well with experimental results [27, 31]. Relative 
subsequence is shown in Fig. 8. To sum up, the significantly low cross-plane lattice thermal 
conductivity derives from slow group velocities along Γ-X direction, which is attributed to the 
bilayer crystal structure of SnSe. It is notable that the strong anharmonicity of SnSe, which 
(a) (b) 
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owes to local instability in the Sn environment, is also responsible for the ultra-low lattice 
thermal conductivity [46].  
 
Figure 7. Computed phonon dispersions of SnSe along high-symmetry paths [31]. The 
relative Brillouin zone is presented in Fig. 4 (c). 
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Figure 8. Anisotropy of lattice thermal conductivity is reflected by both calculation 
predictions and experimental results, in the sequence of κlb > κlc > κla [27, 31]. 
2.2.2 Electronic structure 
Despite of the similar crystal structure with other orthorhombic IV-VI compounds, SnSe 
possesses higher thermoelectric performance due to its narrow band gap (Eg). Calculated by 
Heyd-Scuseria-Ernzerhof (HSE) hybrid functional approximation, the electronic band 
structures of monolayer, bilayer and bulk orthorhombic IV-VI compounds are presented in Fig. 
9 [47, 50]. Band gap is the energy difference between valence band maximum (VBM) and 
conduction band minimum (CBM), so it is easy to comprehend that materials with lower Eg 
possess higher electrical properties. Calculated energy gap values using different methods, such 
as 0.78 eV by BoltzTraP code [31, 51], 1.00 eV by HSE [47, 50], 0.88 eV by CASTEP package 
[52], and 0.935 eV by Full-potential linearized augmented plane waves (FLAPW) [53], are in 
good consistent with optical experimental measurement results:  0.923 eV and 0.95 eV [54, 55].  
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Figure 9. Calculated band structure of (a) monolayer, (b) bilayer, and (c) bulk orthorhombic 
IV-VI compounds, indicating the narrow energy gap of SnSe [47]. 
2.3 Thermoelectric properties of SnSe 
2.3.1 Theoretical calculations 
By combining the relaxation time attained from single parabolic band (SPB) model and 
Boltzmann transport theory [56], electrical properties of both n-type and p-type SnSe are 
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calculated [31]. Figures 10 (a)-(d) are the comparison diagrams of computed estimates and 
experimental results [27, 31, 39]. Anisotropy of carrier mobility along different axes can be 
observed significantly from Fig. 10 (a). This is mainly attributed to variations of effective mass 
in different directions, which is in the subsequence of ma* > mc* > mb* for both carriers of 
electrons and holes at CBM and VBM. As a consequence, anisotropy of electrical conductivity 
is obtained in Fig. 10 (b), agreeing well with equation (5). Shown in Fig. 10 (c), anisotropy of 
S is not significant, especially in high temperature ranges. Consequently, in terms of p-type 
SnSe, maximum power factor and ZT value are both obtained along b axis, whereas minimum 
ones occur along a axis. The calculated results of p-type SnSe are in the same regulation with 
reported works. On the other hand, calculated ZT results of n-type SnSe are intriguing. 
Basically, in terms of n-type materials, secondary band valley possess significantly higher 
electron mobility than first band valley along a axis [31]. Seebeck coefficient and electrical 
coefficient are hence enhanced in a large scale, accounting for the weaker anisotropy of n-type 
SnSe than p-type, as is seen in Fig. 10 (b) and (c). With the lowest κ along a-axis, maximum 
thermoelectric performance is obtained. Inspired by this kind of material, concept of “phonon-
glass electron-crystal” (PGEC) materials is likely to be achieved to develop higher 
thermoelectric performance. 
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(a) 
(b) 
(c) 
(d) 
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Figure 10. Calculated results of (a) carrier mobility, (b) σ, (c) S, and (d) ZT value from first-
principle study [31]. Some experimental results [27, 39] are compared with them. 
2.3.2 Experimental results 
2.3.2.1 Single crystal SnSe 
As is mentioned above, Zhao et al., create a precedent of single crystal SnSe thermoelectric 
material [27]. The relative experimental results of single crystal SnSe are shown in Fig. 11. 
Seen from the figures, the temperature dependent thermoelectric properties show similar trends 
along all axes. However, values differ a lot among different axes, especially between a-axis and 
c-axis, which is attributed to strong anisotropy in crystal structure. 
  
Figure 11. Anisotropy of single crystal SnSe is reflected by thermoelectric properties. (a) σ. 
(b) S. (c) PF. (d) Total thermal conductivity. (e) κl. (f) ZT value [27]. 
Figure 11 (a) indicates the electrical conductivity of single crystal SnSe along three axes. 
Between 298 K and 523 K, electrical conductivity decreases with temperature, which is similar 
with the electrical transport behavior of metals. While between 523 K and 823 K, electrical 
carriers are thermally activated, contributing to significant increase of σ. The decrease of σ 
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above 823 K can be attributed to the phase transition of SnSe. The trend of temperature-
dependent σ of single crystal SnSe fits well with typical semiconductor. As can be seen, 
electrical conductivity along a-axis is much lower than b-axis and c-axis, reflecting the low 
carrier concentration. The information in Fig. 11 (b) also proves the low carrier concentration 
along a-axis since S along a-axis decreases at a lower temperature than other two axes. In 
consequence, power factor of single crystal SnSe is lowest along a-axis, as is presented in Fig. 
11 (c). A maximum power factor of 10.1 μWcm-1K-2 is reached at 873 K along b-axis [27]. 
In the case of κ, it is presented in Fig. 11 (e) that lattice thermal conductivity along three 
directions shares similar value. While with a much lower σ, the electronic thermal conductivity 
along a-axis is much lower as well. As a consequence, total thermal conductivity along a-axis 
is the lowest, as is indicated in Fig. 11 (d). The ultra-low thermal conductivity of single crystal 
SnSe, which possesses a minimum value of 0.20 Wm-1K-1 at 973 K along a-axis, accounts a lot 
for the prominent thermoelectric performance of SnSe [27]. 
The ZT values of single crystal SnSe along three axes are shown in Fig. 11 (f). Owing to the 
comparable thermal conductivity and much higher PF, overall thermoelectric performance 
along b-axis rows over. The maximum ZT values along b-, c-, and a-axis are approximately 2.6, 
2.3, and 0.8, respectively [27]. The ZT value of single crystal SnSe is much higher than other 
intrinsic thermoelectric materials. 
2.3.2.2 Polycrystalline SnSe 
Despite of the outstanding thermoelectric performance of single crystal SnSe, it is hard to put 
it into production and application. Firstly, the mechanical property of single crystal SnSe is 
poor. Moreover, the crystal growth of single crystal SnSe is complicated and inefficient, leading 
to long synthesis period and limited synthesis product. In consequence, polycrystalline SnSe is 
widely studied for its better mechanical properties and controllable fabrication methods. Sassi 
et al. first reported the thermoelectric performance of polycrystalline SnSe in 2014 [38]. The 
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corresponding experimental results are shown in Fig. 12, compared with single crystal ones 
from Zhao’s work [27, 38].  
 
Figure 12. Comparison of thermoelectric properties between single crystal SnSe along b-axis 
[27] and polycrystalline SnSe [38]. (a) σ, (b) S, (c) Power factor, (d) κ, and (e) ZT value. 
Shown in Fig. 12 (a), σ of polycrystalline SnSe is much lower than monocrystalline one, 
indicating the low carrier concentration within polycrystalline SnSe structures. The temperature 
dependent trend of Seebeck coefficient presented in Fig. 12 (b) also demonstrates that 
polycrystalline SnSe possesses a lower carrier concentration. This is because Seebeck 
coefficient of polycrystalline SnSe starts decreasing at a lower temperature. As a consequence, 
power factor of polycrystalline SnSe is much lower than monocrystalline one, indicating the 
worse electrical performance of polycrystalline SnSe. In the case of thermal performance, 
polycrystalline SnSe possesses higher thermal conductivity owing to the lack of anisotropy, as 
is presented in Fig. 12 (d). To sum up, Fig. 12 (e) shows the ZT value of polycrystalline tin 
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selenide, compared with single crystal. A maximum ZT value of ~0.53 is obtained at 823 K, 
which is even lower than the one along a-axis of monocrystalline SnSe.  
Low carrier concentration and lack of anisotropy contribute to the relatively low thermoelectric 
performance. To overcome the obstacle, several strategies can be performed. Texturing and 
inducing nanostructures are effective methods to increase grain boundaries. More phonons are 
to be scattered consequentially, leading to a lower thermal conductivity. While doping focuses 
on increasing the carrier concentration by inducing metallic ions into crystal structures. 
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3. Objective 
During the literature research, a facile solvothermal method to fabricate SnSe microplates 
intrigues me due to its simple synthesis technology and considerable thermoelectric 
performance of the products. So the first aim of the research is to follow the solvothermal 
method to synthesize SnSe microplates successfully. The relative solvothermal synthesis 
method will be discussed in detail in Chapter 4. 
Once SnSe microplates are fabricated successfully, a variate of the synthesis procedure is 
studied for seeking out an optimization for the synthesis method. NaOH solution is an important 
precursor within the reaction of forming SnSe. However, excessive NaOH is used in the 
experiment to adjust the concentration of ions. Hereby the volume of NaOH solution used in 
the synthesis is altered, from 1 mL to 10 mL, to investigate the different properties of final 
products. 
The synthesized powders using different amount of NaOH appear obvious difference. To clarify 
the compositional differences, characterization of the powders is done. To compare the 
thermoelectric properties of different groups of products, the powders are sintered into bulks 
for measurement. An optimal quantity of NaOH is aimed to be investigated after the analysis. 
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4. Methodology 
In this chapter, the experimental methodologies are introduced in detail. SnSe powders are 
synthesized successfully at first, using a facile solvothermal method. A tiny part of the powders 
are collected for characterization. Spark plasma sintering (SPS) is then employed to sinter SnSe 
powders into regular column bulks. At last, a couple of testing instruments are performed to 
measure thermal properties and electrical properties of SnSe.  
4.1 Solvothermal method 
Solvothermal synthesis is the method by which reactions take place in liquid solution under 
high temperature. Solvothermal method is environmentally friendly, high-efficiency, facile, 
controllable, and commercially available. The synthesis preparation procedures and reaction 
conditions are uncomplicated. Moreover, by changing experimental parameter, such as reaction 
temperature, reaction time, type of precursor, type of solvent, or type of surfactant, fabricated 
products vary a lot in size, morphology, and property. 
In the experiment, 0.0075 mol tin chloride dihydrate (SnCl2∙2H2O, 98 %) and sodium selenite 
(Na2SeO3, 99.99 %) are chosen as the provider of Sn and Se element. Ethylene glycol (EG, 99.8 
%) serves as both reducing agent and solvent. Being the only variate in the research, the effect 
of NaOH (7.5 mol/L) is promoting the reduction reaction of Se and adjusting the pH value of 
the solution. In order to obtain SnSe with different morphology and property, the volume of 
NaOH solution varies from 1 mL, 2 mL, …, to 10 mL. The precursors are added into the 
containers in the subsequence of EG, NaOH, Na2SeO3 and SnCl2∙2H2O. After stirring steadily 
for 10 minutes at room temperature, the containers are sealed in stainless steel autoclaves, as is 
shown in Fig. 13 (a). The autoclaves are then moved into a laboratory oven, presented in Fig. 
13 (b), and heated at 230 ℃ for 36 hours. The corresponding reaction equations in the oven are 
shown as follows: 
𝑁𝑎2𝑆𝑒𝑂3
𝐶2𝐻6𝑂2
→    2𝑁𝑎+ + 𝑆𝑒𝑂3
2−               
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𝑆𝑛𝐶𝑙2 ∙ 2𝐻2𝑂
𝐶2𝐻6𝑂2
→    𝑆𝑛2+ + 2𝐶𝑙− + 2𝐻2𝑂        
𝑆𝑒𝑂3
2− + 𝐶2𝐻6𝑂2 → 𝑆𝑒 + 𝐶2𝐻2𝑂2 + 𝐻2𝑂 + 2𝑂𝐻
−                
3𝑆𝑒 + 6𝑂𝐻− → 2𝑆𝑒2− +  𝑆𝑒𝑂3
2− + 3𝐻2𝑂          
𝑆𝑛2+ + 𝑆𝑒2− → 𝑆𝑛𝑆𝑒            
 
Figure. 13 Equipment employed during solvothermal synthesis. (a) Autoclave made from 
stainless stain, and (b) Heating oven. 
After cooling down to temperature, the containers are taken out from the autoclaves and 
washed. Reacted products are collected, centrifuged, and dried at 60 ℃ for 24 hours. After the 
procedures, SnSe powders are successfully obtained. 
4.2 Characterization 
Tiny amount of the samples are collected and prepared for characterization. X-ray diffraction 
(XRD, Bruker-D8) is employed to observe the compositional and crystallographic structures of 
the powders. To observe the detailed morphology of the fabricated microplates, transmission 
electron microscopy (TEM, TECNAI-F20) and scanning electron microscopy (SEM, JSM-
6610, JEOL Ltd.) are performed. TEM is also employed for the investigation of selected area 
electron diffraction (SAED) pattern. The working principles of XRD, SEM, and TEM will be 
introduced in this section. 
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4.2.1 XRD 
XRD is widely performed for determining chemical composition of materials and atomic 
structures in crystals. The principle of XRD can be concluded as Bragg’s Law, which possesses 
the formula form as: 
2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                      (8) 
Where θ is the incident angle, d is the inter-planar spacing, n is an arbitrary integer, and λ is the wavelength 
of X-ray. Bragg’s law can be easily comprehended using Fig. 14 (a). When X-ray beams hits a crystal, they 
will be diffracted into different orientations depending on the incident angle. Consequently, the intensity of X-
ray in certain direction is enhanced. Figure 14 (b) indicates the structure of XRD. By switching the incident 
angle of X-ray beams, X-rays with different intensity are collected by the detector. Hereby the intensity-2θ 
XRD pattern could be generated. Crystal structures can be significantly revealed by the peak characters in the 
XRD pattern. For specific materials possessing the same crystal structure, peaks should share similar position. 
Various analysis applications, such as MDI Jade series, can be employed to compare the XRD patterns with 
standard identification PDF cards. 
 
Figure 14. Principles of XRD. (a) Bragg’s Law [57], and (b) Composition of XRD [58]. 
4.2.2 SEM 
SEM is an advanced technique magnifying samples into nanoscale to investigate the 
morphology and microstructure. The SEM equipment employed in this research is presented in 
(a) (b) 
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Fig. 15 (a). The principle of SEM is presented in Fig. 15 (b), which is much more complicated 
than optical microscope. At first, accelerated electrons are released from the electron gun. The 
electrons then pass through the condenser lens and apertures, hitting the sample. Interacting 
with the atoms by different angles, the electrons are scattered into various signals, such as 
backscattered electron, secondary electron, and X-ray. Various detectors are designed for 
collecting the signals, reflecting high-solution images of the surface structure of samples.  
 
Figure 15. Characterization using SEM. (a) SEM (JSM6610) used in this research, and (b) 
Principle of SEM [59]. 
4.2.3 TEM 
Similar with SEM, TEM also applies electron beams to carry the morphology and 
microstructure information of samples. However, the electron beam transmits through the 
specimen instead of being scanned back from them. Consequently, the samples prepared for 
TEM should be ultra-thin. Figure 16 (a) presents the TEM applied in this research. Seen from 
the structure of TEM in Fig. 16 (b), the electron beam hits the sample after being converged by 
condenser lens magnet. Transmitting through the sample, the electrons collide with the atoms 
and hence carry the structural information of the sample. The electrons are then magnified by 
objective and projector lens magnets, and finally collected by the detector. The corresponding 
images are presented on the screen, reflecting the surface structure of samples. 
(a) (b) 
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Figure 16. Characterization using TEM. (a) TEM (TECNAI F20) used in this research, and 
(b) Principle of TEM [58]. 
4.3 SPS 
The thermoelectric properties of fabricated powders cannot be measured directly. A technique 
of SPS is performed to sinter SnSe powders into column bulks. Spark plasma sintering sinters 
the sample in a high rate and at a low temperature. So it is more effective than traditional hot 
sintering methods. Nevertheless, SPS induces higher grain boundary density and anisotropy, 
optimizing the thermoelectric performance of materials. Figure 17 (a) illustrates the principle 
of an SPS machine. Under pressure, the sintering die are pulsed by the current directly. Internal 
heat of the sintering die is generated in a rapid rate, sintering the samples into ideal shape. The 
equipment applied in this research is shown in Fig. 17 (b).  
(a) (b) 
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Figure 17. Spark plasma sintering. (a) Principle of SPS, and (b) Photography [58]. 
4.4 Thermoelectric properties measurement 
An equipment of ZEM-3 (ULVAC Technologies, Inc.) is performed to test the electrical 
properties, i.e., S and σ, of SnSe. In terms of thermal properties, thermal diffusivity D and heat 
capacity Cp are measured by laser flash (LFA 457) and differential scanning calorimetry (DSC 
404), respectively. The density of sintered bulks (ρ) is also tested for calculating the thermal 
conductivity, applying Archimedes’ principle. 
4.4.1 Electrical properties measurement 
The principle of ZEM-3 can be briefly summarized as the double-probe testing, as is indicated 
in Fig. 18 (a) and (b). Temperature difference (∆T) is applied on the two probes inside the ZEM-
3 machine. After applying a constant current I, a voltage difference (∆V) occurs between two 
probes. By applying the formulas as follows, σ and S can be easily calculated. 
𝜎 =
1
𝑅
=
𝐼
∆𝑉
          
(9) 
𝑆 =  
Δ𝑉
Δ𝑇
                                                              
(10) 
The ZEM-3 instrument applied is presented in Fig. 18 (c). 
(b) (a) 
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Figure 18. Structure of ZEM-3. (a) Theory of testing σ, (b) Theory of testing S, and (c) ZEM-
3 used in this research [58]. 
4.4.2 Thermal properties measurement 
Total thermal conductivity κ is calculated by the formula below: 
𝜅 = 𝐶𝑝 ∗ 𝐷 ∗ 𝜌                 (11) 
In which heat capacity is measured by DSC 404, shown in Fig. 19 (a). Thermal diffusivity is 
tested using LFA 457, presented in Fig. 19 (b). Instruments involved in Archimedes density 
measurement method are shown in Fig. 19 (c). For studying κe and κl, formula (6) is applied to 
calculate κe using the electrical data. While κl is hence subtracted from total thermal 
conductivity. 
(a) 
(c) 
(b) 
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Figure 19.  Thermal properties testing. (a) DSC 404 for measuring Cp, (b) LFA 457 for 
measuring D, and (c) Instruments involved in Archimedes density measurement method. 
 
  
(a) (b) (c) 
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5. Results and Discussion 
In this chapter, experimental results of characterization and thermoelectric performance testing 
are collected, analyzed, and discussed. The characterization includes the XRD patterns of five 
groups of samples (1 mL, 3 mL, 5 mL, 7 mL, and 9 mL NaOH induced). SEM images of relative 
samples are also analyzed. TEM and high-resolution TEM (HR-TEM) images of SnSe 
microplate are presented with the help of my colleague to further study morphology and 
microstructure of SnSe. However, only four groups of samples (3 mL, 5 mL, 7 mL, and 9 mL 
NaOH induced) are successfully sintered for thermoelectric performance measurement. Both 
characterization and testing results indicate intriguing influence of NaOH quantity on the 
fabricated SnSe samples. 
5.1 XRD patterns 
The intensity-2θ XRD patterns of five groups of samples are presented in Fig. 20. All samples 
show corresponding peaks with standard identification card SnSe #48-1224. While in the XRD 
pattern of sample induced with 1 mL NaOH, stronger peaks fit well with the standard 
identification card SnSe2 #89-2939. This indicates that more tin diselenide is fabricated during 
the solvothermal synthesis owing to the lack of NaOH, accounting for the macroscopic 
differences of the samples.  
In the standard PDF card of SnSe #48-1224, the strongest peak corresponds to the grain surface 
of (111). While in the observed XRD patterns of our samples, the most significant peak of SnSe 
is 400*, reflecting that the crystal growth direction of SnSe is modified. Consequently, large 
{100} surfaces are grown in the solvothermal synthesis procedure. The modified direction can 
induce considerable anisotropy in the microstructure of SnSe.  
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Figure 20. XRD patterns of the samples fit well with standard PDF card #48-1224 and #89-
2939. 
5.2 SEM images 
As is mentioned above, differences of the synthesized powders can be observed 
macroscopically. Presented in Fig. 21 (a) and (b) are the photographs of fabricated powders 
when 1 mL and 7 mL NaOH are added during the solvothermal synthesis, respectively. The red 
and brown powders correspond well with the appearance of identified SnSe2 from XRD results. 
While silver powders are the expected products, SnSe. The relative SEM images of the powders 
are displayed in Fig. 20 (c) and (d), respectively. Tin diselenide presents irregular 
microparticles, while tin selenide shows regular microplates. 
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Figure 21. Macroscopic and microscopic photographs of SnSe2 and SnSe. (a) Photograph of 
SnSe2 powders, (b) Photograph of SnSe powders, (c) SEM pattern of SnSe2 microparticles, 
and (d) SEM pattern of SnSe microplates. 
For SnSe samples prepared with different amount of NaOH, there are also significant 
differences in the microscopic morphology. The SEM images of four groups of SnSe samples 
are presented in Fig. 22. 
(a) (b) 
(c) (d) 
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Figure 22. SEM images of SnSe samples fabricated with different volume of NaOH solution. 
(a) 3 mL, (b) 5 mL, (c) 7 mL, and (d) 9 mL. 
Seen from Fig. 22 (a), SnSe prepared with 3 mL NaOH solution possesses the smallest 
microplates. The microplates are diverse in size but share similar shapes, indicating the {100} 
surface group. When more NaOH is added, the microplates grow much larger, reducing the 
grain boundary density. Besides, intrinsic SnSe rods grown in [111] direction are obtained in 
Fig. 22 (c) and (d). The rods deteriorate the anisotropy of SnSe and hence harms the 
thermoelectric performance.  
(a) (b) 
(c) (d) 
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5.3 TEM images 
 The TEM image of a SnSe ultra-thin microplate fabricated with 7 mL NaOH is shown in Fig. 
23 (a), indicating the (100) surface. Figures 23 (b) and (c) are the HR-TEM image of the edge 
of the microplate. The inter-planar spacing of the sample is estimated as ~0.3 nm, as is marked 
in Fig. 23 (c). To determine the crystal structure of the microplate, selected area electron 
diffraction (SAED) is performed along the [100] direction. The relative image is shown in Fig. 
23 (d), reflecting the orthorhombic crystal structure. 
 
(a) (b) 
(c) (d) 
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Figure 23. TEM performed to investigate the microstructure of SnSe. (a) TEM image of an 
ultra-thin microplate, (b) HR-TEM on the edge of the microplate, (c) HR-TEM image with 
inter-planar spacing indicated, and (d) SAED patterns taken from [100] orientation. 
5.4 Thermoelectric properties 
Owing to the property differences between SnSe and SnSe2, the sample prepared with 1 mL 
NaOH is not sintered successfully, using the same sintering parameters as SnSe. As a result, 
the powders melt before the sintering temperature and leak out from the die. However, since 
SnSe2 is a typical kind of n-type semiconductor, the electrical carriers of it are negative 
electrons. While intrinsic SnSe belongs to p-type semiconductor, with positive holes as the 
electrical carriers. Consequently, it is without deny that the electrical property is severely 
deteriorated in the sample. The thermoelectric performance of the SnSe/SnSe2 compound 
would not be satisfying. 
In this section, the electrical properties and thermal properties of successfully sintered bulk 
samples are measured respectively. Discussions are carried out to analyze the property 
variations of different samples, with the help of characterization results. At last, the overall 
thermoelectric performance, ZT value, is calculated and compared. 
5.4.1 Electrical properties 
The tested S and σ of samples are presented in Fig. 24 (a) and (b), respectively. Power factor of 
the SnSe is then calculated and presented in Fig. 24 (c). 
 
(a) (b) (c) 
38 
 
Figure 24. Electrical properties of different groups of SnSe samples. (a) S, (b) σ, and (c) PF. 
The descending trend of SnSe prepared with 3 mL NaOH reveals the low carrier concentration 
of it. With a low carrier concentration, the sample possesses low electrical conductivity and 
high Seebeck coefficient, which corresponds well with formula (4) and (5). The property mainly 
derives from the carrier scattering in crystal structure. From the SEM image of this sample 
shown in Fig. 22 (a), it is investigated that smaller microplates exist compared with other 
samples. More grain boundaries are hence induced, increasing the potential of scattering 
electrical carriers back. Anisotropy is also an important factor of scattering. Micro-rods are the 
intrinsic growth form of SnSe and can be observed significantly when high level of NaOH is 
added during the synthesis, especially in the case of 7 mL NaOH. The rod microstructure can 
decrease the anisotropy significantly. As a result, highest electrical conductivity and lowest 
Seebeck coefficient are both obtained in the SnSe bulk fabricated with 7 mL NaOH. 
Power factor reflects the electrical performance of thermoelectric materials. A maximum power 
factor of 5.0 ± 0.7 μW cm-1 K-2 is achieved at 373 K in the SnSe sample prepared with 7 mL 
NaOH. 
5.4.2 Thermal properties 
The density and heat capacity of the bulks share similar values. Consequently, thermal 
diffusivity is the conclusive factor affecting total thermal conductivity. The calculated κ results 
of four samples are presented in Fig. 25 (a). Electronic thermal conductivity is calculated by 
the electrical conductivity using formula (4), where Lorenz factor is considered as a constant, 
2.4 × 10-8 J2 K-2 C-2. Lattice thermal conductivity is the difference of them. The corresponding 
results are presented in Fig. 25 (b) and (c), respectively. 
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Figure 25. Thermal properties of different groups of SnSe. (a) κtot, (b) κe, and (c) κl. 
Seen from Fig. 25 (a), SnSe prepared with 3 mL NaOH possesses lowest total thermal 
conductivity, while SnSe induced with 7 mL NaOH obtains highest. The thermal property 
ranking subsequence is just the same with electrical one, further proving the scatter mechanisms 
of microstructures. In the case of heat conducting, phonons are the energy carriers. Similar with 
electrical carriers, phonons are more likely to be scattered when higher grain boundary density, 
nano-sized precipitates, defects, and anisotropy are induced. Consequently, more phonons are 
scattered in the sample with smaller and denser grains, leading to a minimum total thermal 
conductivity of 0.39 ± 0.02 W m-1 K-1 at 773 K. The sample with lowest anisotropy, which is 
synthesized using 7 mL NaOH, possesses highest thermal conductivity. It is notable that for all 
SnSe samples, lattice thermal conductivity dominates the electrical one, fitting well with the 
intrinsic property of semiconductor. 
5.4.3 ZT values 
To sum up, power factors of the samples are multiplied with absolute temperature and divided 
by the relative thermal conductivity, working out the ZT values of them. Surprisingly, a 
maximum ZT is attained in SnSe sample prepared with 3 mL NaOH. The maximum value is 
0.70 ± 0.11 and is achieved at 773 K. Figure 26 presents the final thermoelectric results of the 
samples. 
(a) (b) (c) 
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Figure 26. ZT values of four groups of SnSe samples. 
SnSe sample prepared with 3 mL NaOH rows over for both thermal and electrical properties. 
On the one hand, the sample possesses comparable power factor and highest Seebeck 
coefficient at high temperature. On the other hand, benefiting from the high grain boundary 
density and anisotropy, phonon scattering in the sample is the strongest, contributing to the 
lowest κ. 
The NaOH involved reaction for preparing SnSe microplates using solvothermal synthesis 
method is shown as follows: 
3𝑆𝑒 + 6𝑂𝐻− → 2𝑆𝑒2− +  𝑆𝑒𝑂3
2− + 3𝐻2𝑂   
As can be seen, when sufficient quantity of NaOH is provided, formation of SnSe solid plates 
is promoted, accounting for two investigated characterization investigations. One is the 
preferential growth direction of (100) surfaces. NaOH promotes the crystal growth of SnSe, so 
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larger microplates are grown when more NaOH solution is induced. The other investigation is 
the micro-rods of SnSe. With the exceeding quantity of NaOH, intrinsic growth mechanism of 
SnSe is enabled, contributing to the growth of (111) surfaces. As a result, growth of microplates 
is disturbed and anisotropy of SnSe is hence deteriorated, leading to a high thermal 
conductivity. However, when the quantity of NaOH is insufficient, Sn2+ ions will be oxidized 
into Sn4+ ions. SnSe2 microparticles instead of SnSe microplates are synthesized, severely 
deteriorating the overall thermoelectric performance. 
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6. Conclusion 
Thermoelectric material is clean and renewable energy resource by converting waste heat to 
electricity. In this research, a typical and effective kind of thermoelectric material, SnSe, is 
studied in detail. Among various kinds of thermoelectric materials, SnSe possesses outstanding 
performance owing to the double-layered crystal structure, high anisotropy, and narrow band 
gap.  
Solvothermal method is a facile synthesis method with controllable products, low safety risks, 
low cost, and low temperature demand. During the fabrication of SnSe, NaOH is an important 
precursor and modifies the pH value of the solvent. Experiments are hence designed for 
exploring the influences of NaOH quantity on thermoelectric properties. After synthesis, 
powders of different groups are characterized and sintered into bulks separately. 
When insufficient NaOH (1 mL and 2 mL) is added during synthesis, tin diselenide phase as 
well as tin selenide are fabricated, leading to macroscopic appearance differences and 
microstructure variations. The occurrence of different types of semiconductors deteriorates 
electrical properties severely. On the other hand, when the quantity of NaOH is sufficient 
(above 2 mL), NaOH promotes the crystal growth of (100) grain surface of SnSe. Higher level 
of NaOH also promotes the formation of SnSe micro-rods, reducing the anisotropic of SnSe 
samples. In all, 3 mL NaOH solution (7.5 mol/L) is the most satisfying volume induced for 
preparing 0.0075 mol SnSe. A maximum ZT value of 0.70 ± 0.11 is attained at 773 K, benefiting 
from comparable power factor and lowest thermal conductivity. The observed densest grain 
boundary and high anisotropy account for the high thermoelectric performance. The research 
of influence of NaOH quantity on thermoelectric performance implies an approach optimizing 
the solvothermal synthesis method to fabricate thermoelectric materials. 
It is notable that sodium ion is also considered as an important factor affecting the property of 
samples synthesized by solvothermal method. More experiments can be designed for seeking 
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out the issue. In next step, NaOH will be substituted by different kinds of alkali, such as 
potassium hydroxide (KOH) and caesium hydroxide (CsOH). By comparing the relative 
thermoelectric performance using different alkali, the effect of cation ions in hydroxides can be 
solved out hopefully. 
 
 
  
44 
 
Reference 
[1] Allon I. Hochbaum, et al., Enhanced thermoelectric performance of rough silicon 
nanowires, Nature 451 (2008) 163-168. 
[2] Wikipedia: Thermoelectric effect, https://en.wikipedia.org/wiki/Thermoelectric_effect. 
[3] G. Jeffrey Snyder and Eric S. Toberer, Complex thermoelectric materials, Nature Materials, 
7 (2008), 105-114. 
[4] G. J. Snyder, T. Caillat, and J. P. Fleurial, Thermoelectric, transport, and magnetic properties 
of the polaron semiconductor FexCr3-xSe4, Physical Review B, 62 (2000), 10185-10193. 
[5] Giri Joshi, et al., Enhanced Thermoelectric Figure-of-Merit in Nanostructured p-type 
Silicon Germanium Bulk Alloys, Nano Letters, 8 (2008), 4670-4674. 
[6] X. W. Wang, et al., Enhanced thermoelectric figure of merit in Nanostructured n-type silicon 
germanium bulk alloy, Applied Physics Letters, 93 (2008), 193121. 
[7] DG Cahill, et al., Nanoscale thermal transport, Journal of Applied Physics, 93 (2003), 793-
818. 
[8] G Chen, Thermal conductivity and ballistic-phonon transport in the cross-plane direction of 
superlattices, Physical Review B, 57 (1998), 14958-14973. 
[9] XF Duan, JF Wang, and CM Lieber, Synthesis and optical properties of gallium arsenide 
nanowires, Applied Physics Letters, 76 (2000), 1116-1118.  
[10] C. Wood, Materials for thermoelectric energy-conversion, Reports on Progress in Physics 
51 (1988) 459–539. 
[11] D. W. Rowe and G. Min, Alpha-plot in Sigma-plot as a thermoelectric-material 
performance indicator, Journal of Materials Science Letter, 14 (1995), 617-619.  
[12] R Venkatasubramanian, et al., Thin-film thermoelectric devices with high room-
temperature figures of merit, Nature, 413 (2001), 597-602. 
45 
 
[13] X. B. Zhao, et al., Bismuth telluride nanotubes and the effects on 
the thermoelectric properties of nanotube-containing nanocomposites, Applied Physics Letters, 
86 (2005), 062111. 
[14] SK Mishra, et al., Electronic structure and thermoelectric properties of bismuth telluride 
and bismuth selenide, Journal of Physics: Condensed Matter, 9 (1997), 461-470. 
[15] Joseph P. Heremans, et al., Enhancement of Thermoelectric Efficiency in PbTe by 
Distortion of the Electronic Density of States, Science, 321 (2008), 554-557. 
[16] Kanishka Biswas, et al., Strained endotaxial nanostructures with high thermoelectric figure 
of merit, Nature Chemistry, 3 (2011), 160-166. 
[17] Yanzhong Pei, Heng Wang, and G. J. Snyder, Band Engineering 
of Thermoelectric Materials, Advanced Materials, 24 (2012), 6125-6135. 
[18] Yanzhong Pei, et al., High thermoelectric figure of merit in heavy hole dominated PbTe, 
Energy & Environmental Science, 4 (2011), 2085-2089. 
[19] N. Mingo, et al., Thermoelectric figure of merit and maximum power factor in III-V 
semiconductor nanowires, Applied Physics Letters, 84 (2004), 2652-2654. 
[20] Woochul Kim, et al., Thermal conductivity reduction and thermoelectric figure of merit 
increase by embedding nanoparticles in crystalline semiconductors, Physical Review Letters, 
96 (2006), 045901. 
[21] N. Mingo, et al., "Nanoparticle-in-Alloy" Approach to Efficient Thermoelectrics: Silicides 
in SiGe, Nano Letters, 9 (2009), 711-715. 
[22] Bo Yu, et al., Enhancement of Thermoelectric Properties by Modulation-Doping in Silicon 
Germanium Alloy Nanocomposites, Nano Letters, 12 (2012), 2077-2082. 
[23] R. W. Boydston, Thermo-Electric Effect in Single-Crystal Bismuth, Physical Review, 30 
(1927), 911−921. 
[24] H. W. Henkels, Thermoelectric Power and Mobility of Carriers in Selenium, Physical 
Review, 77 (1950), 734−736. 
46 
 
[25] J. Andrews, Thermoelectric Power of Cadmium Oxide, Proceedings of the Physical 
Society, 59 (1947), 990−998. 
[26] N. Greenwood and J. Anderson, Conductivity and Thermoelectric Effect in Cuprous 
Oxide, Nature 164 (1949), 346−347. 
[27] Li-Dong Zhao, et al., Ultralow thermal conductivity and high thermoelectric figure of merit 
in SnSe crystals, Nature, 508 (2014), 373-377. 
[28] Joseph P. Heremans, Bartlomiej Wiendlocha, and Audrey M. Chamoire, Resonant levels 
in bulk thermoelectric semiconductors, Energy & Environmental Science, 5 (2012), 5510-
5530. 
[29] Sangyeop Lee, et al., Resonant bonding leads to low lattice thermal conductivity, Nature 
Communications, 5 (2014), 3525.  
[30] Guangqian Ding, Guoying Gao, and Kailun Yao, High-efficient thermoelectric materials: 
The case of orthorhombic IV-VI compounds, Scientific Reports, 5 (2015), 9567. 
[31] Ruiqiang Guo, et al., First-principles study of anisotropic thermoelectric transport 
properties of IV-VI semiconductor compounds SnSe and SnS, Physical Review B, 92 (2015), 
115202. 
[32] Shuli Zhao, et al., Controlled synthesis of single-crystal SnSe nanoplates, Nano Research, 
8 (2015), 288-295. 
[33] Guangzhao Qin, et al., Diverse anisotropy of phonon transport in two-dimensional group 
IV-VI compounds: A comparative study, Nanoscale, 8 (2016), 11306-11319. 
[34] Aamir Shafique and Young-Han Shin, Thermoelectric and phonon transport properties of 
two-dimensional IV-VI compounds, Scientific Reports, 7 (2017), 506. 
[35] San-Dong Guo and Yue-Hua Wang, Thermoelectric properties of orthorhombic group IV-
VI monolayers from the first-principles calculations, Journal of Applied Physics, 121 (2017), 
034302. 
47 
 
[36] MM Nassary, Temperature dependence of the electrical conductivity, Hall effect 
and thermoelectric power of SnS single crystals, Journal of Alloys and Compounds, 398 
(2005), 21-25. 
[37] Shiqiang Hao, et al., Computational Prediction of High Thermoelectric Performance in 
Hole Doped Layered GeSe, Chemistry of Materials, 28 (2016), 3218-3226. 
[38] S. Sassi, et al., Assessment of the thermoelectric performance of polycrystalline p-
type SnSe, Applied Physics Letters, 104 (2014), 212105. 
[39] Cheng-Lung Chen et al., Thermoelectric properties of p-type polycrystalline SnSe doped 
with Ag, Journal of Materials Chemistry A, 2 (2014), 11171-11176. 
[40] Qian Zhang, et al., Studies on Thermoelectric Properties of n-type Polycrystalline SnSe1-
xSx by Iodine Doping, 5 (2015), 1500360. 
[41] H. Okamoto, Se-Sn (Selenium-Tin), Journal of Phase Equilibria, 1998, 19 (3), 293. 
[42] R. C. Sharma and Y. A. Chang, The Se-Sn (Selenium-Tin) System, Bulletin of Alloy Phase 
Diagrams, 1986, 7 (1), 68-72. 
[43] F. A. S. Al-Alamy, A. A. Balchin, and M. White, Journal of Materials Science, 12 (1997), 
2037-2042. 
[44] H. Wiedemeier and H. G. von Schnering, Zeitschrift für Kristallographie – Crystalline 
Materials, 148 (1978), 295-303.  
[45] H. Wiedemeier and F. J. Csillag, Zeitschrift für Kristallographie – Crystalline Materials, 
149 (1979), 17-29. 
[46] C. W. Li, et al., Orbitally driven giant phonon anharmonicity in SnSe, Nature Physics, 11 
(2015), 1063-1070. 
[47] L´ıdia C. Gomes and A. Carvalho, Phosphorene analogues: Isoelectronic two-dimensional 
group-IV monochalcogenides with orthorhombic structure, Physical Review B, 92 (2015), 
085406. 
48 
 
[48] H. Zhang and D. V. Talapin, Thermoelectric tin selenide: the beauty of simplicity, 
Angewandte Chemie International Edition, 53 (2014), 9216-7. 
[49] Joseph P. Heremans, Thermoelectric materials: The anharmonicity blacksmith, Nature 
Physics, 11 (2015), 990-991. 
[50] Jochen Heyd, Gustavo E. Scuseria, and Matthias Ernzerhof, Erratum: “Hybrid functionals 
based on a screened Coulomb potential” [J. Chem. Phys. 118, 8207 (2003)], Journal of 
Chemical Physics, 124 (2006), 219906. 
[51] Georg K. H. Madsen and David J. Singh, BoltzTraP. A code for calculating band-structure 
dependent quantities, Computer Physics Communications, 175 (2006), 67-71. 
[52] Xinhong Guan, et al., Thermoelectric properties of SnSe compound, Journal of Alloys and 
Compounds, 643 (2015), 116-120. 
[53] Jueming Yang, et al., Outstanding thermoelectric performances for both p- and n-type 
SnSe from first-principles study, Journal of Alloys and Compounds, 644 (2015), 615-620.  
[54] Martin Parenteau and Cosmo Carlone, Influence of temperature and pressure on the 
electronic transitions in SnS and SnSe semiconductors, Physical Review B, 41 (1990), 5227. 
[55] P. A. Fernandes, et al., Thermodynamic pathway for the formation of SnSe and 
SnSe2polycrystalline thin films by selenization of metal precursors, CrystEngComm 15 (2013), 
10278. 
[56] Andrew F. May, et al., Characterization and analysis of thermoelectric transport in n-
type Ba8Ga16−xGe30+x, Physical Review B, 80 (2009), 125205. 
[57] Wikipedia: X-ray diffraction, https://en.wikipedia.org/wiki/X-ray 
crystallography#/media/File: Bragg diffraction 2.svg. 
[58] Xiaolei Shi, Development of High-efficiency Tin Selenide-based Thermoelectric 
Materials, Confirmation Report, the University of Queensland. 
[59] Wikipedia: Scanning electron microscope, https://en.wikipedia.org/wiki/Scanning 
electron microscope#/media/File:Schema MEB (en).svg. 
49 
 
Acknowledgement 
It has been a long year since I chose the topic of SnSe and worked on it. The research life of 
mine ends in this stage but will last forever.  
During this year, I have learnt a lot about how to carry on a research, from topic choosing, 
literature searching, experiment designing, to thesis writing. I appreciate the help of my 
supervisors, Professor Jin Zou and Zhi-Gang Chen, who guide me a lot in research, study, and 
life. 
I am also grateful for the colleagues in Jin’s Nano Group. Dr. Xiaolei Shi raises the 
experimental skills and interests of me. Miss Lijun Wang teaches me the standard data analysis 
method. And Mr Weidi Liu inducts me how to employ the testing instruments. 
At last, thanks for the staffs and tutors of course ENGG7282, providing the chance of learning 
and carrying out research. 
 
 
 
